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BEAMFORMING HARDWARE
ACCELERATOR FOR RADAR SYSTEMS

BACKGROUND

Some radar systems use beamiorming to determine the
angle of arrival of objects 1n the field of view. A radar system
implementing beamforming first performs a range fast Fou-
rier transform (FFT) and a Doppler FFI, resulting in a
three-dimensional (3D) matrix made up of a set of two-
dimensional (2D) range matrices. Each 2D range matrix
corresponds to a particular range of distances between a
target object and the radar system, called a range bin, and
includes ranges of velocities for the target object, called a
velocity bin, by antenna combination. The radar system
performs beamforming analysis to determine which hypoth-
esis angle from a set ol hypothesis angles, represented by
steering vectors, most closely aligns with the target object’s
angle of arrival. To test the set of hypothesis angles, each
row of each 2D range matrix in the 3D data matrix 1s
multiplied by each steering vector, and the resulting spectra
1s summed. If a particular hypothesis angle corresponds to
the actual angle of arrival for a target object, the resulting
spectra sums constructively; 11 not, the resulting spectra
sums destructively.

Multiplying each row of each 2D range matrix by each
steering vector causes each row and each steering vector to
be fetched and re-fetched multiple times over the course of
the beamforming analysis. These vector multiplications are
turther complicated by the combination of row-wise and
column-wise operations, which cause the 2D range matrix to
be transposed multiple times during beamiorming analysis.
Thus, the total number of operations involved 1n beamform-
ing analysis 1s quite high, causing 1t to be resource intensive
for radar systems to perform.

To 1illustrate, an example radar system calculates 256
range bins, 256 velocity bins, and 16 hypothesis angles. The
radar system performs 12 operations to test each hypothesis
angle. In total, the radar system performs more than 12
million operations over the course of beamforming analysis
to determine angles ol arrival for objects in the radar
system’s fleld of view. A signal processor able to perform
these operations 1s resource intensive in area of the semi-
conductor die, calculation time, memory space, and the like.
Some radar systems decrease the number of hypothesis
angles to reduce the number of beamiorming operations,
which also decreases the systems’ angular resolution. Some
radar systems decrease their update rates to allow additional
processing time for beamforming operations, which
decreases the reaction time for the systems to respond to
objects 1n the field of view.

SUMMARY

An apparatus comprises one or more processor cores and
one or more non-transitory computer-readable mediums
storing machine instructions which, when executed by the
One Or more processor cores, cause the one or more proces-
sor cores to obtain a data matrix and 1iteratively, store a data
slice from the data matrix 1n a data bufler. The data slice
comprises a unique portion of the data matrix. The processor
cores perform correlation operations on the data slice in the
data bufler to obtain a calculated data slice for the data slice
and store the calculated data slice. In some implementations,
the correlation operations cause the processor cores to
multiple and sum the data slice, a reference matrix, and an
intermediate slice. The processor cores iteratively store a
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2

reference slice from the reference matrix 1n a second data
bufler. Each reference slice comprises a unique portion of
the reference matrix corresponding to an indexing range
included in the data slice. The processors multiply the
reference slice and the data slice, sum the result and the
intermediate slice, and store the result as the intermediate
slice.

The apparatus can further comprise a hardware accelera-
tor (HWA) that comprises a first address generator, the data
bufler, a first selector logic circuit (SLC), a multiplier and
accumulator (MAC), a second SLC, a second data bufler, a
third SLC, and a second address generator. The first address
generator generates an address for the data slice such that 1t
comprises the unique portion of the data matrix and provides
the address to a memory interface system. The data bufler
stores the data slice. The first SLC selectively outputs a
transposed data slice. The MAC performs vector multipli-
cations using the transposed data slice and sums a multipli-

cation result and an intermediate slice from a second data
butter.

The second SLC selectively outputs one of the transposed
data slice, the multiplication result, and a summation result.
The second data bufler stores the output of the second SLC.
The third SLC selectively outputs a calculated data slice,
which comprises a transposed summation result. The second
address generator generates an address for the calculated
data slice, such that each calculated data slice comprises a
unique portion of a calculated data matrix, and provides the
address for the calculated data slice to the memory interface
system.

The HWA can further comprise a third address generator,
a third data buffer, and a fourth SLLC. The third address
generator generates an address for a reference slice 1n a
reference matrix, such that each reference slice comprises a
unique portion of the reference matrix, and provides the
address for the reference slice to the memory interface
system. The third data butler stores the reference slice from
the memory nterface system. The fourth SLC outputs the
reference slice to the MAC, which multiplies the transposed
data slice by the reference slice.

In some implementations, the data matrix comprises a
range matrix from a radar circuit, which corresponds to a
range bin and includes data from the radar circuit indexed by
velocity bin and antenna combination. Each data slice com-
prises a matrix indexed by velocity bin and antenna com-
bination. The reference matrix comprises a steering matrix
of steering vectors indexed by antenna combination and
hypothesis angle. Each calculated data slice 1s stored using
a steering vector index and a velocity bin index, such that a
particular calculated data slice 1s stored at a memory loca-
tion corresponding to a steering vector index of the corre-
sponding particular steering vector and a velocity bin index
ol a corresponding particular range slice.

BRIEF DESCRIPTION OF THE DRAWINGS

For a detailed description of various examples, reference
will now be made to the accompanying drawings 1n which:

FIG. 1 1illustrates an automobile equipped with multiple
radar systems for distance and angle of arrival determina-
tion.

FIG. 2 1s a block diagram of an example radar system.

FIG. 3 illustrates, 1n flow chart form, an example method
for processing signals received from a radar system.

FIG. 4 illustrates an example beamiforming processing
flow for data received from a radar system.
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FIG. 5 1llustrates an example data addressing flow for data
input to and output from a beamiorming engine.

FIGS. 6A-B illustrate count values and indexing values
for a range matrix input to a beamiforming process.

FIG. 7 1s a block diagram of an example beamiorming
hardware accelerator.

FIG. 8 illustrates, in flow chart form, example methods for
processing signals received from a time division multiplex-
ing (TDM) multiple-input, multiple-output (MIMO) radar
system.

FIGS. 9A-B illustrate an example beamforming process-
ing tlow including transmitter decoding for data received
from a TDM-MIMO radar system.

FIG. 10 illustrates an example data addressing flow for
data mput to and output from a beamforming engine.

DETAILED DESCRIPTION

The beamforming HWAs described herein perform beam-
forming analysis for a radar system without decreasing the
angular resolution or the update rate of the radar system. The
described beamforming HWAs divide the data indexed by
range, velocity, and antenna combination into a set of 2D
range matrices, each of which corresponds to a particular
range bin and includes velocity data indexed by antenna
combination. Each 2D range matrix 1s further divided into
range slices, unique partial matrices corresponding to par-
ticular velocity bins and antenna combinations that together
make up the 2D range matrix. The beamforming HWASs
store a range slice 1n a data bufler and perform beamforming
operations on the range slice 1n the data bufler. The resulting
slice of beamforming data i1s stored as part of a larger
beamforming matrix corresponding to the 2D range matrix.
The beamforming HWAs then begin the process again with
a new range slice from the 2D range matrix, until each range
slice 1s analyzed and a complete beamiorming matrix for the
2D range matrix 1s generated. By storing partial slices of the
data and performing beamforming operations on each partial
slice sequentially, the beamforming HWAs decrease the
number of times data 1s fetched and re-fetched from
memory.

An address generator generates an address for the range
slice and provides it to a memory interface, which loads the
range slice at the specified address into the data builer. The
address generator ensures each successive range slice 1s
unique and the entire 2D range matrix 1s analyzed. A selector
logic circuit coupled to the data buller transposes the range
slice data to perform row-wise and column-wise operations,
decreasing the number of operations dedicated to data
transposition. Similarly, a second address generator gener-
ates an address for the beamforming slice and provides 1t to
the memory interface, which stores the beamforming slice at
the specified address. The second address generator ensures
cach successive beamiorming slice 1s stored at an appropri-
ate location 1n the memory, without overwriting previously
calculated beamforming slices and indexing the beamform-
ing slices based on the velocity bins of the corresponding
range slices.

The beamforming operations performed on the range slice
can 1nclude multiplying the range slice by a steering matrix
ol steering vectors corresponding to hypothesis angles and
summing the result with an intermediate slice corresponding
to the same velocity bins. The beamforming HWAs can
divide the steering matrix into steering slices, unique partial
matrices corresponding to particular antenna combinations
and hypothesis angles that together make up the steering
matrix. The beamforming HWAs store a steering slice 1n a
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4

second data builer and output the steering slice and the range
slice to a multiplier and accumulator unit (MAC). A third
address generator generates an address for the steering slice
and provides 1t to the memory interface, which loads the
steering slice at the specified address mto the second data
bufler. The third address generator ensures each successive
steering slice 1s umique and the entire steering matrix 1s used.
A selector logic circuit coupled to the second data bufler
transposes the steering slice to perform row-wise and col-
umn-wise operations.

The MAC receives the range and steering slices and
multiplies the two slices together, summing the result with
intermediate data corresponding to other antenna combina-
tions for the same particular velocity bins and hypothesis
angles and generating beamforming data. The beamforming
HWAs can perform a magnitude or a log magnitude opera-
tion on the beamiorming data and store it in a third data
bufler. A selector logic circuit and the second address
generator can transpose the finalized beamforming slice and
store 1t as part of the beamforming matrix.

FIG. 1 1s an 1llustration of an automobile 100 equipped
with multiple radar systems 110, 112 for distance and angle
of arrtval determination. High resolution 77 GigaHerz
(GHz) automotive radar systems have been developed to
improve driving comifort and safety by measuring the dis-
tance from the vehicle to surrounding objects. These dis-
tances may be used to instruct a central controller to react
appropriately in various driving scenarios, such as parking
assistance or collision avoidance. Some vehicles may have
a single radar system 110 that may be used for tasks such as
adaptive cruise control, object warning, automatic braking,
etc., for example. Some vehicles may have several radar
systems, €.g., one 1n front 110 and one 1n back 112.

Some vehicles may have several systems in front, several
systems 1n back, and systems on the left and right side. For
example, a vehicle may have three systems 1n front 1n which
one faces straight ahead and the other two are angled to the
left and right, three in back 1n which one faces straight back
and two are angled to the left and right, and one on the left
side and one on the right side, as shown m FIG. 1. Some
radar systems, called MIMO radar systems, use multiple
transmitter antennas and multiple receiver antennas to
improve the resolution of the radar system in determining
the angle of arrival. Some MIMO radar systems use TDM to
distinguish between chirp signals from different transmaitter
antennas.

In order to determine the distance and angle of arrival
from the radar system to a target object, e.g., for parking
assistance, a signal received from the radar system front end
1s usually processed via a tlow of signal processing steps,
including Doppler correction and beamiforming. Doppler
correction compensates for phase differences due to the
movement of a target object between transmission of a first
chirp signal and a second chirp signal. If left uncorrected,
Doppler shift from the target object’s radial velocity can
introduce error 1n the distance and angle of arrival determi-
nations. Receiver beamiorming estimates the angle of
arrival by comparing phases of the received signals to the
expected signal phases for an object arriving from a hypoth-
esis angle. The beamforming operations can test a set of
unmique hypothesis angles, the number of which 1s chosen
based on the desired angle of arrival resolution and other
capabilities of the radar system.

FIG. 2 1s a block diagram of an example radar system 200.
Radar system 200 may be used i a vehicle, such as
automobile 100 of FIG. 1. In this example, radar system 200
includes a radar sensor circuit 210, a central processor unit
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(CPU) core 230, a display 240, and storage 2350. Radar
sensor circuit 210 includes a transmitter 220 that drives an
antenna array 221 of one or more transmitter (1X) antennas.
A recerver 222 receives signals from an antenna array 223 of
one or more receiver (RX) antennas. A baseband module 224
amplifies and filters the received signals that are reflected
from objects 1n the path of the transmitted chirp signals. In
this example radar system, transmitter 220 operates in the 77
(GHz region and produces a frequency modulated continuous
wave (FMCW) signal. The continuous wave signal 1s Ire-
quency modulated to form a series of chirps using a local
oscillator (LO) 225. In example radar system 200, the TX
antenna array 221 and RX antenna array 223 are stationary.
In other examples, the antenna arrays may be configured to
transmit and receive across a range of area, such as by
mechanical movement.

FMCW radar, also referred to as continuous-wave fre-
quency-modulated (CWFM) radar, 1s capable of determin-
ing distance, velocity, and angle of arrival. In a FMCW
system, the transmitted chirp signal of a known stable
frequency continuous wave varies up and down 1n frequency
over a fixed period of time by a modulating signal. Received
reflections are then mixed with the transmitted chirp signal
to produce a received beat signal, which will give the
distance, velocity, and angle of arrival for the target object
after signal processing. Frequency diflerences between the
received retlections and the transmitted chirp signal increase
with delay and are therefore proportional to distance.

The phase differences between the received reflections
across consecutive chirps allow the velocity of target objects
to be computed. The phase differences between the recerved
reflections at a first receiver antenna and the received
reflections at a second receiver antenna allow the angle of
arrival of target objects to be computed. Thus with an
FMCW radar system, the distance between the target object
and the radar system, relative velocity of the target object,
relative angle of the target object and the like can be
calculated.

During normal operation, linear frequency chirps are
transmitted, and reflected signals are received. The receiver
and transmitter are arranged as a homodyne system so that
the received retlections are down-converted directly into the
baseband 1n receiver 222 using a copy of the transmitted
signal from LO 225. The baseband signals are then filtered
and amplified by filters and variable gain amplifiers by
baseband module 224. After converting the baseband signals
into the digital domain, time domain to frequency domain
transforms such as fast Fourier transforms (FF1s) may be
applied and other signal processing performed in order to
determine the distance, velocity, and angle of arnival
between the target object and the radar system 200.

CPU core 230 comprises one or more CPU cores, digital
signal processors, application specific integrated circuits,
and the like. The term “CPU core” (singular) 1s used herein
to refer to either a single or multiple CPU cores, and to
broadly describe central processing units, digital signal
processors, application specific integrated circuits, and the
like. CPU core 230 includes a chirp timing controller
module 231 that receives a stream of data from receiver
antenna array 223 via an analog to digital converter (ADC)
237 and performs chirp generation and control of the trans-
mitter via a digital to analog converter (DAC) 235. A
varying voltage tuning control signal from DAC 2335 1s used
to control LO 225. CPU core 230 also includes a signal
processor core 232 that may perform signal processing for
determining a velocity, an angle of arrival, distance between
the target object and radar system 100, and the like.
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Signal processor core 232 can provide the determined
values to display 240 and/or communicate with other sys-
tems via a network interface 233. Network 233 may include
various combinations of local area networks (LLANs), wide
area networks (WANSs), the iternet and/or other known or
later developed wired or wireless communication mecha-
nisms, for example. Storage 250 may be used to store
instructions and data received from antenna 223 or signal
processor core 232. Storage 250 may be any appropriate
storage medium, such as a static random access memory
(SRAM).

FIG. 3 illustrates, 1n tlow chart form, an example process
300 for beamforming analysis. The process shown 1n FIG. 3
1s performed by a processing unit executing instructions
stored 1n a non-transitory computer-readable medium, such
as signal processor core 232 executing instructions stored 1n
storage 250 from radar system 200 shown 1n FIG. 2. In some
examples, steps 340, 350, and 360 are performed by a
beamiorming engine or a beamiorming HWA and indicated
as beamformer operations 370. First, at step 310, the pro-
cessing unit performs a range FFT on sampled data matrix
303, for example data from radar sensor circuit 210 sampled
by ADC 237. Sampled data matrix 3035 1s a three dimen-
sional (3D) matrix including sampled data values from
received beat signals indexed by antenna combination over
time, (antenna combinationxsamplextime).

After the processing unit performs the range FFT, the
resulting 3D range matrix 315 includes sampled data values
sorted 1nto range bins representing ranges ol distances
between a target object and the radar sensor circuit indexed
by antenna combination over time, (antenna combinationx
range binxtime). At step 320, range matrix 315 1s trans-
posed, such that the resulting transposed 3D range matrix
325 1s indexed by antenna combination and range bin,
(antenna combinationxtimexrange bin). At step 330, the
processing unit performs a Doppler FFT on the transposed
3D range matrix 325. The resulting 3D Doppler matrix 335
includes data values sorted into velocity bins representing
ranges of velocities for a target object mndexed by antenna
combination and range bin, (antenna combinationxvelocity
binxrange bin).

At step 340, the Doppler matrix 335 1s transposed, such
that the transposed resulting 3D Doppler matrix 345
includes data values sorted by antenna combination indexed
by velocity bin and range bin, (velocity binxantenna com-
binationxrange bin). Thus, each 2D range matrix included in
transposed 3D Doppler matrix 345 corresponds to a particu-
lar range bin and includes data values sorted by antenna
combination and velocity bin for that particular range bin,
(velocity binxantenna combination). At step 350, the pro-
cessing unit performs beamforming operations on the trans-
posed Doppler matrix 343 to estimate the angle of arrival. At
step 360, the processing umt performs a log magnitude
operation to obtain 3D processed data matrix 395, which
includes signal peaks in the range bin, velocity bin, and
angle of arrival bin corresponding to a target object’s
distance, speed, and angle of arrival.

Beamiorming operations at step 350 can include compar-
ing phases of the received signals stored in the transposed
Doppler matrix 345 to the expected signal phases for an
object arriving from each of a set of hypothesis angles. For
example as described previously herein with respect to the
background, the processing unit multiplies each row, that 1s,
velocity bin, of each 2D range matrix included in transposed
3D Doppler matrix 345 by each steering vector 1n a set of
steering vectors, each steering vector representing a unique
hypothesis angle from the set of hypotheses angles, and
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sums the resulting spectra. Thus, the total number of opera-
tions for process 300 can be quite large, due to the fetches
and re-fetches of each steering vector in the set of steering
vectors and each row 1n each 2D range matrix in the
transposed 3D Doppler matrix 345, the data transpositions,
the vector multiplications, etc. A signal processor core
capable of performing this many operations 1s resource
intensive, both 1n surface area of the semiconductor die and
calculation time, as well as 1n supplemental components
such as memory.

FI1G. 4 1llustrates an example beamiorming operation flow
400 for data received from a radar system, such as radar
system 200 shown 1n FIG. 2. To reduce the number of times
cach row 1n each 2D range matrix 410 1s fetched and
re-fetched, 2D range matrix 410 1s divided into range slices
420. A range slice 420 represents a unique portion of range
matrix 410 corresponding to particular velocity bins and
antenna combinations. Similarly, to reduce the number of
times each steering vector 1n the 2D steering matrix 430 1s
tetched and re-fetched, the 2D steering matrix 430 1s divided
into steering slices 440. A steering slice 440 represents a
unique portion of steering matrix 430 corresponding to
particular antenna combinations and hypothesis angles. In
this example, range slice 420 1includes the data values for the
first four antenna combinations in the first four velocity bins.
Steering vector slice 440 includes the expected signal phase
at the first four antenna combinations for the first four
hypothesis angles. The range slice 420 and the steering
vector slice 440 are stored 1n respective local data buflers
before being provided to a multiplier and accumulator unit
(MAC) 450. Respective selector logic circuits (SLCs) asso-
ciated with the respective local data buflers can transpose
cach of range slice 420 and steering vector slice 440 as the
range slice 420 and steering vector slice 440 are provided to
MAC 450, corresponding to transpose operation 340 shown
in FIG. 3 for example.

MAC 450 generates an intermediate slice 460 correspond-
ing to the particular range slice 420 and particular steering
vector slice 440. Intermediate slice 460 includes the multi-
plied and accumulated values for the first four antenna
combinations in the first four velocity bins and the first four
hypothesis angles, and can be stored i1n a third local data
bufler. Because intermediate slice 460 does not include all
antenna combinations, the range slice 420 1s updated to
include the data values for the next four antenna combina-
tions 1n the first four velocity bins, and the steering vector
slice 440 1s updated to include the expected signal phase at
the next four antenna combinations for the first four hypoth-
esi1s angles. MAC 450 multiplies the updated range slice 420
and updated steering vector slice 440 together and accumu-
lates the result with the previously calculated intermediate
slice 460 for the first four antenna combinations from the
third local data bufler. This process continues until the MAC
operation on the last slice of the first four velocity bins and
the first four hypothesis angles used in this iteration 1s
accumulated onto the intermediate slice in the third local
data buifler.

The updated intermediate slice 460 includes beamiorming,
data values for all eight antenna combinations in the first
four velocity bins and the first four hypothesis angles. Now
that the updated 1intermediate slice 460 includes all antenna
combinations, the updated intermediate slice 460 1s a beam-
forming slice 470 corresponding to the first four velocity
bins and the first four hypothesis angles. Other operations
can then be performed on beamiforming slice 470, such as
the log magnitude operation 360 shown 1 FIG. 3. Beam-
tforming slice 470 can then be stored as-1s or transposed
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before storage by a selector logic circuit. Respective address
generators for range slices 420, steering vector slices 440,
and beamforming slice 470 ensure that the appropriate range
slice and steering vector slice are used to calculate a par-
ticular beamforming slice and that each beamforming slice
1s stored 1n an appropriate location 1n memory. The beam-
forming operation flow 400 can be repeated until every
hypothesis angle 1s tested in every velocity bin of the 2D
range matrix 410.

FIG. 5 1llustrates an example data addressing tlow for data
input to and output from a beamiforming engine. 2D range
matrix 510 1s included 1n a 3D Doppler matrix, not shown,
and corresponds to a particular range bin. Each row of 2D
range matrix 310 corresponds to a particular velocity bin,
and each column corresponds to a particular antenna com-
bination, (velocity binxantenna combination). 2D range
matrix 510 includes N velocity bins 515 and M antenna
combinations 520, resulting 1n an (NxM) 2D range matrix
510. A range slice 530 includes a number of velocity bins X
and a number of antenna combinations Y, resulting 1n an
(XxY) range slice 330. In this example, range slice 530 1s a
(4x4) matrix.

2D steering matrix 550 includes the set of steering vectors
for the hypothesis angles of the beamforming engine. Each
row of 2D steering matrix 350 corresponds to an expected
signal phase at a particular antenna combination, and each
column corresponds to a particular steering vector and 1ts
associated hypothesis angle, (antenna combinationxsteering
vector). 2D steering matrix includes M antenna combina-
tions 520 and S steering vectors 345, resulting 1 an (MxS)
matrix. A steering vector slice 550 includes a number of
antenna combinations Y and a number of hypothesis angles
7, resulting 1n an (Y xZ) matrix.

As discussed previously herein with reference to FI1G. 4
and example beamforming operation tlow 400, the appro-
priate range slices 530 and steering vector slices 550 are
multiplied and accumulated to obtain a beamforming slice
570 corresponding to the particular X velocity bins and Z
hypothesis angles represented 1n the range slices and steer-
ing vector slices. The process 1s repeated until a beamform-
ing matrix 580 includes beamforming slices 570 for each
velocity bin and each hypothesis angle. Beamiorming
matrix 580 includes N velocity bins 515 and S steering
vectors 555, resulting 1n an (NxS) matrix.

FIGS. 6A-B illustrate count values and indexing values
for a range matrix input to a beamforming process. FIG. 6 A
illustrates count values for 2D range matrix 610, which
includes N velocity bins 615 and M antenna combinations
620, resulting 1n an (NxM) matrix. Each range slice 630
from 2D range matrix 610 includes a number of velocity
bins X and a number of antenna combinations Y, resulting in
an (XxY) matrix. To ensure that each range slice 630 1is
unmique and does not overlap with other range slices, an
example indexing scheme 1s shown in FIG. 6B.

In FIG. 6B, an N 1index 660 ensures that each range slice
1s taken from an appropriate set of rows, that 1s, velocity
bins, of 2D range matrix 610. Similarly, an M index 650
ensures that each range slice 1s taken from an appropriate set
of columns, that 1s, antenna combinations, of 2D range
matrix 610. For example, a first range slice 630A includes
velocity bins 0-3 and antenna combinations 0-3 for each

velocity bin. A second range slice 630B includes velocity
bins 0-3 as well, but antenna combinations 4-7. An X index

670 1s based on the number of antenna combinations Y in the

range slice 630 and the total number of antenna combina-
tions M 620 1n 2D range matrix 610, to ensure that the N
index 660 does not increment until all M antenna combina-
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tions for the particular X velocity bins are represented 1n a
beamforming slice. An S imndex 680 1s based on the number
of steering vectors and corresponding hypothesis angles 1n
an associated steering matrix, and resets N index 660, M
index 650, and X index 670 every time it increments, such
that each velocity bin and antenna combination 1n 2D range
matrix 610 1s multiplied and accumulated with each steering,
vector.

FIG. 7 1s a block diagram of an example beamiorming
HWA 700. Beamforming HWA 700 includes a memory
interface 705 and a load unit 710 and a store unit 790 which
load from and store to a memory via memory interface 705.
Beamforming HWA 700 also includes an address generator
715, a butler 720, and an SL.C 725 for loading a range slice
such as range slice 530 shown i FIG. 5 from a 2D range
matrix in the memory. Address generator 715 generates a
look-up address for a particular range slice, for example
based on the indexing scheme shown in FIG. 6B, and
provides 1t to load umt 710, which obtains the range slice
from memory via memory interface 705 and loads 1t into
butler 720. A selection signal provided to SLC 725 indicates
a particular row and column of bufler 720, and SLC 7235
outputs the data value stored at that particular row and
column, enabling the range slice to be transposed before 1t
1s used 1n other operations. Address generator 715 generates
a second look-up address for another, different range slice,
ensuring each range slice 1s unique and does not overlap
with other range slices.

Similarly, beamforming HWA 700 also includes an
address generator 730, a bufler 735, and an SLC 740 for
loading a steering vector slice such as steering vector slice
550 shown in FIG. 5 from a 2D steering matrix in the
memory. Address generator 730 generates a look-up address
for a particular steering vector slice, for example using an
indexing scheme similar to the one shown in FIG. 6B, and
provides 1t to load unit 710, which obtains the steering
vector slice from memory via memory interface 705 and
loads it into bufler 735. A selection signal provided to SLC
740 1ndicates a particular row and column, and SLC 740
outputs the data value stored at that particular row and
column, enabling the steering vector slice to be transposed
before 1t 1s used in other operations. As needed, address
generator 730 generates a second look-up address for
another, different steering vector slice, ensuring each steer-
ing vector slice 1s unique and does not overlap with other
steering vector slices.

A MAC 750 includes a multiplier 754 and an accumulator
758. Multiplier 754 1n MAC 750 multiplies the outputs of
SLCs 725 and 740 together and provides the result 744 to
accumulator 738 and an SLC 760. Accumulator 758 sums
the output of multiplier 754 and data 746 1n bufler 780 and
provides the sum 748 to SLC 760, which also receives the
output 742 of SLC 7235. A selection signal provided to SLC
760 indicates an operation to be performed, and SLC 760
outputs one of the multiplication result 744, summation
result 748, and output 742 based on the selection signal. In
one example, the selection signal indicates a transpose
operation, causing SLC 760 to output the output 742 from
SLC 725 and enabling transposition of the partial range slice
stored 1n builer 720. In another example, the selection signal
indicates a vector multiplication operation, causing SLC 760
to output the multiplication result 744. In a further example,
the selection signal indicates an accumulation operation,
causing SLC 760 to output the summation result 748.

A magmtude circuit 770 receives the output of SLC 760,
and either provides the output unchanged to bufler 780 or
performs a magnitude or log magnitude operation on the
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output, based on the operation to be performed. For
example, the magnitude circuit 770 provides the output
unchanged to bufler 780 for a transpose operation, but
performs a magnitude or log magnitude operation on the
output for an accumulation operation. Buller 780 stores the
output of magmtude circuit 770, the intermediate slice such
as intermediate slice 460 shown in FIG. 4, for reuse by
accumulator 738, for example 1n subsequent operations to
multiply and accumulate other antenna combinations for the
particular velocity bins and hypothesis angles represented by
the particular range slice and steering vector slice. In
response to the intermediate slice including beamforming
data for all antenna combinations in the particular velocity
bins and hypothesis angles, bufler 780 stores the beamiorm-
ing slice corresponding to the particular velocity bins and
hypothesis angles, which can then be stored more perma-
nently 1n the memory.

A selection signal provided to an SLC 785 indicates a
particular row and column, and SLC 785 outputs the beam-
forming data value stored at that particular row and column
in bufler 780, enabling the beamiorming slice to be trans-
posed belore 1t 1s stored 1n the memory. Address generator
790 generates a storage address for the beamforming slice
and provides 1t to store unit 795, which receives the beam-
forming slice from selector logic circuit 785 and stores 1t 1n
the memory via memory interface 705. As needed, address
generator 790 generates a second storage address {for
another, different beamforming slice, ensuring each beam-
forming slice 1s stored 1n a unique memory location and does
not overwrite other beamforming slices. In this example,
SLCs 725, 740, 760, and 785 are multiplexers, but any
appropriate SLC can be used.

FIG. 8 illustrates, 1n flow chart form, an example method
800 for processing signals received from a TDM-MIMO
radar system. RX antennas in a TDM-MIMO radar system
receive reflected signals, but do not distinguish between
reflections of different TX antenna’s chirp signals. The
received reflections can be sorted into the different TX
antenna’s chirp signals through TX antenna decoding, and
the signals separated by antenna combination improve the
angle of arrival resolution of the TDM-MIMO radar system
compared to other radar systems. In addition, the TMD-
MIMO radar system performs Doppler correction on the
received beat signals, to correct for phase diflerences
between different recerved signals due to the time difference
between a first transmitted chirp signal and a second trans-
mitted chirp signal.

The process shown 1n FIG. 8 1s performed by a processing,
unit executing instructions stored 1 a non-transitory com-
puter-readable medium, such as signal processor core 232
executing nstructions stored 1n storage 230 from radar
system 200 shown 1n FIG. 2. In some examples, steps 830,
840, 850, 860, and 870 are performed by a beamiorming
engine or a beamiorming HWA, such as beamforming HWA
700 shown 1n FIG. 7, and indicated as beamiormer opera-
tions 880. In some implementations, the beamforming HWA
performing beamiorming operations 880 performs steps
830, 840, and 850 1n a single step 885 and steps 860 and 870
as a single step 890, as discussed further herein with
reference for FIG. 9.

First, at step 810, the processing unit performs a Doppler
FFT on range data 803, resulting 1n a Doppler matrix 815
which includes data values sorted 1nto velocity bins indexed
by RX antenna and range bin, (RX antennaxvelocity binx
range bin). At step 820, the processing unit performs Dop-
pler correction, to compensate for phase differences in
received signals due to movement of a target object between
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transmission of a first chirp signal and transmission of a
second chirp signal. The resulting corrected Doppler matrix
825 1s transposed at step 830 to obtain transposed, corrected
Doppler matrix 8335. The transposed, corrected Doppler
matrix 835 includes data values sorted by RX antenna
indexed by velocity bin and range bin, (velocity binxRX
antennaxrange bin).

The processing unit performs TX antenna decoding on
transposed, corrected Doppler matrix 835 at step 840, which
separates the received beat signals for each RX antenna 1nto
theirr component TX chirp signals using a set of demodula-
tion vectors. For example, a TDM-MIMO radar system
includes two RX antenna, RX0 and RX1, and three TX
antenna, TX0, TX1, and TX2. Transposed, corrected Dop-
pler matrix 835 includes the sampled data values sorted by
RX0 and RX1, but does not distinguish between TX0, TX1,
and TX2. After TX antenna decoding, the decoded Doppler
matrix 845 includes the sampled data values sorted by RX
and TX antenna combination, such as by RX0 and TXO0,
RX0 and TX1, RX0 and TX2, etc.

The decoded Doppler matrix 845 is transposed at step
850, resulting 1n a transposed, decoded Doppler matrix 8535
which includes the sampled data values sorted by TX
antenna. For example, transposed, decoded Doppler matrix

8355 15 ordered such that the received beat signals for TX0 are
stored first, TX0 and RX0, and TX0 and RX1. The received

beat signals for TX1 are stored next, TX1 and RX0, and TX1
and RX1. At step 860, the processing unit performs beam-
forming operations on the transposed, decoded Doppler
matrix 855 to estimate the angle of arrival. As discussed
herein with reference to FIG. 3, the beamforming operations
can 1nclude multiplying each row of each range matrix
included 1n transposed, decoded Doppler matrix 855 by a set
of steering vectors and summing the resulting spectra,
resulting 1n beamforming data matrix 865. At step 870, the
processing umt performs a log magnitude operation to
obtain processed data matrix 895, which includes signal
peaks 1n the range bin, velocity bin, and angle of arrival bin
corresponding to a target object’s distance, speed, and angle
of arrival.

FIG. 9 illustrates an example beamiforming processing
flow for steps 885 and 890 for data received from a TDM-
MIMO radar system. For ease of explanation, FIG. 9 1s

described with reference to example method 800 in FIG. 8
and beamforming HWA 700 1n FIG. 7. To 1llustrate step 885,

address generator 715, bufler 720, and SLC 725 can load a
range slice 905 from corrected Doppler matrix 825 in
memory. In this example, range slice 905 includes recerved
beat signals corresponding to a particular RX antenna RX0.
Address generator 7135 generates a look-up address for the
received beat signals corresponding to the particular range
slice, buffer 720 stores them, and SL.C 725 enables them to
be transposed, accomplishing the transpose step 830.

Similarly, address generator 730, bufler 735, and SLC 740
can load a TX demodulation matrix 910 from the memory.
Multiplier 754 1n MAC 750 multiplies the outputs of SLCs
725 and 740 together to accomplish TX decoding step 840
and obtain a decoded range slice 915, which 1s stored
unchanged 1n bufler 780. Address generator 790 generates a
storage address for decoded range slice 915 1n the memory,
and SLC 785 enables decoded range slice 915 to be trans-
posed at step 880 before 1t 1s stored 1n the memory as part
of transposed, decoded Doppler matrix 855.

Step 890 1s discussed in more detail previously herein
with reference to the operation of beamforming HWA 700.
To brietly 1illustrate step 890, address generator 7135, buller
720, and SLC 725 can load a range slice from transposed.,
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decoded Doppler matrix 855 in memory. Address generator
715 generates a look-up address for the particular range
slice, buller 720 stores 1t, and SLC 725 outputs it to
multiplier 754 in MAC 750. Similarly, address generator
730, bufler 735, and SLC 740 can load a steering slice from
a 2D steering matrix in the memory.

In MAC 750, multiplier 754 multiplies the outputs of
SLCs 725 and 740 together and provides the result to
accumulator 758, which sums the result with an intermediate
slice stored in bufler 780, for example, and completes
beamiorming step 860 to obtain the intermediate slice or, in
response to the intermediate slice representing all antenna
combinations for the particular velocity bins and hypothesis
angles, beamforming data matrix 865. SLC 760 receives
beamiforming data matrix 8635 from accumulator 758 and
provides 1t to magnitude circuit 770, which performs a
magnitude or log magnitude operation on beamforming data
matrix 865 and completes log magnitude step 870. The
resulting processed data matrix 895 1s stored in butler 780.
Address generator 790 generates a storage address for
processed data matrix 895 1n the memory, and SLC 7835
enables processed data matrix 893 to be transposed before 1t
1s stored in the memory.

FIG. 10 illustrates an example data addressing flow for
data input to and output from a beamiforming engine. Table
1010 1llustrates the data point storage order for a 2D range
matrix included 1 a 3D transposed Doppler matrix, such as
3D transposed Doppler matrix 345 1in FIG. 3 and including
data values sorted by antenna combination indexed by
velocity bin and range bin, (velocity binxantenna combina-
tionxrange bin). The Doppler FFT output does not store the
data values sequentially. As discussed 1n reference to FIG.
6B, a sample vector index such as X index 670 indicates
which vectors to include 1n a particular range slice. Instead
of beginning at zero and incrementing by one as shown 1n
FIG. 6B, X index 670 can be modified based on the data
point storage order shown in table 1010 to begin at and
increment by a different number and cause the beamformer
to read the data in the order shown in table 1020. The
beamiormer performs beamiforming operations and stores
the resulting beamforming slice 1n local data bufler 1030.
Selector logic circuit 1040 allows the beamforming slice 1n
bufler 1030 to be transposed before 1t 1s stored 1n memory
in the order shown 1n table 1050.

In this example, each range slice 1s a (4x4) matrix. A first
range slice 1025 the beamiformer reads from memory
includes vectors 1012, 1014, 1016, and 1018. The X index
in this example 1s equal to the bit reverse variable divided by
four, the number of vectors included in each range slice. This
causes range slice 1025 to group the data indexes into
columns. The resulting beamiorming slice in bufler 1030 1s
indexed 1n the read order for range slice 1023, but selector
logic circuit 1040 can transpose the beamforming slice as 1t
1s stored, such that 1nstead of grouping the data indexes nto
columns, the stored beamforming slice groups the data
indexes 1nto rows.

In this description, the term “couple” or “couples™ means
either an indirect or direct wired or wireless connection.
Thus, 1f a first device couples to a second device, that
connection may be through a direct connection or through an
indirect connection via other devices and connections. The
recitation “based on” means “based at least in part on.”
Therefore, 1 X 1s based on Y, X may be a function ol Y and
any number of other factors. The embodiments are described
herein with reference to F'ls and FFTs, but may be gener-
alized to other types of time domain to frequency domain
transforms such as sine and cosine transforms, and the like.
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Modifications are possible 1n the described embodiments,
and other embodiments are possible, within the scope of the
claims.

What 1s claimed 1s:
1. A non-transitory computer-readable medium storing
instructions to:

obtain a NxM range matrix comprising data from a radar
circuit having multiple antennas, the range matrix
indexed by N velocity bins and M antenna combina-
tions and extracting from the NxM range matrix a
plurality of unique XxY range slices, in which X 1s a
lesser multiple of N and Y 1s a lesser multiple of M;

obtamn a MxS steering matrix comprising expected
phases, the steering matrix indexed by the M antenna
combinations and S hypothesis angles and extracting
from the MxS steering matrix a plurality of YxZ
steering vector slices, in which Z 1s lesser multiple of
S
until the data for all range slices corresponding to a
particular set of X velocity bins are incorporated 1n an
intermediate slice, iteratively:
store a particular range slice corresponding to the
particular set of X velocity bins and a particular set
of Y antenna combinations of the M antenna com-
binations; and
until the expected phases for all steering vector slices
corresponding to particular set of S hypothesis
angles are incorporated in the intermediate slice,
iteratively:
store a particular steering vector slice corresponding
to the particular set of Z hypothesis angles and a
particular set of the Y antenna combinations of the
M antenna combinations; and
perform a combining operation on a first XxY range
slice and a first YxZ steering vector slice to form
a first version of the intermediate slice, and 1tera-
tively performing the combining operation on a
subsequent respective XxY range slice and a cor-
responding subsequent respective YxZ steering
slice to generate a combined result and updating
the intermediate slice until data of XxYrange
slices and all YxZ steering vector slices are icor-
porated 1nto the intermediate slice;

store, as a beamiforming slice, the intermediate slice

incorporating data for M antenna combinations for the

particular set ol X velocity bins and the particular set of

7. hypothesis angles;

performing beamiorming operations on the beamform-
ing slice to obtain a result; and

store the result.

2. The computer-readable medium of claim 1, wherein the
instructions to perform combining operations include
instructions to multiply the particular range slice and the
particular steering vector slice.

3. The computer-readable medium of claim 2, wherein the
instructions to update the intermediate slice include nstruc-
tions to:

add the multiplication result of the particular range slice

and the particular steering vector slice to the mterme-
diate slice to obtain an updated intermediate slice.

4. The computer-readable medium of claim 3, further
comprising instructions to generate a plurality of beamiorm-
ing slices corresponding to all N velocity bins and all S
hypothesis angles to generate a NxS beamforming matrix
comprising the plurality of beamforming slices.
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5. The computer-readable medium of claim 1, further
comprising instructions to store each of the plurality of XxY
range slices 1n a first data bufler including instructions to:
generate an address for the particular XxY range slice
based on a N index and a M index, wherein the N index
represents the particular set of X velocity bins to be
included 1n the particular range slice, wherein the M
index represents the particular set of Y antenna com-
binations to be included in the particular range slice;

increment the M index by Y 1n response to the result being,
stored 1n a second data buller as the intermediate slice
for all steering vector slices corresponding to the par-
ticular set of Y antenna combinations included in the
particular range slice; and

increment the N 1index by X 1n response to the interme-

diate slice being stored as the beamforming slice.

6. The computer-readable medium of claim 3, further
comprising instructions to store each of the plurality of YxZ
steering vector slices 1n a third data bufler including instruc-
tions to:

generate an address for the particular Y xZ steering vector

slice based on the M index and a S index, wherein the
S 1mndex represents the particular set of Z hypothesis
angles to be included 1n the particular steering vector
slice; and

increment the S imndex by Z 1n response to the result being,

stored 1 the second data bufler as the intermediate
slice.

7. The computer-readable medium of claim 6, further
comprising instructions to store the beamforming slice in the
second bufler including instructions to generate an address
for the beamforming slice based on the N index.

8. An apparatus, comprising:

a sensor circuit configured to receive reflected signals;

one or more processor cores coupled to the sensor circuit;

and

one or more non-transitory computer-readable mediums

storing machine instructions which, when executed by

the one or more processor cores, cause the one or more

processor cores to iteratively:

extract a data slice from a first data matrix composed of
a plurality of data slices;

extract a data slice from a second data matrix composed
ol a plurality of data slices;

perform a multiplication operation on corresponding
data slices of the first and second data matrices to
generate a multiplication result, wherein the multi-
plication operation performed on a first data slice of
the first data matrix and a first data slice of the
second data matrix generates a first version of an
intermediate slice; and

perform an accumulation operation on each of second
and subsequent multiplication results to update a
current version of the intermediate slice until all of
the plurality of data slices of the first and second
matrices have been processed to generate a final
intermediate slice;

wherein the machine instructions further comprise

instructions to store the final mtermediate slice.

9. The apparatus of claim 8, further comprising a first data
buffer 1n which each data slice extracted from the first data
matrix 1s stored, a second data buffer 1n which each data slice
extracted from the second data matrix 1s stored, and a third
bufler in which each intermediate slice 1s stored.

10. The apparatus of claim 9, further comprising a hard-
ware accelerator (HWA), wherein the HWA comprises:

a first address generator configured to:
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generate an unique address for each of the plurality of

data slices of the first data matrix; and

provide the unique addresses for the respective plural-

1ty of data slices of the first data matrix to a memory

interface system for extraction from the first data
matrix;
a first data bufler configured to store each of the plurality
of data slices extracted from the first data matrix;
a first selector logic circuit (SLC) coupled to the first data
bufller:;

a second address generator configured to:

generate an unique address for each of the plurality of
data slices of the second data matrix; and

provide the unique addresses for the respective plural-
ity of data slices of the second data matrix to the
memory interface system for extraction from the
second data matrix;

a second data bufler configured to store each of the
plurality of data slices extracted from the second data
matrix; and

a second SLC coupled to the second data bufler.

11. The apparatus of claim 10, wherein the HWA further
comprises a multiplier and accumulator (MAC) coupled to
the first and second SLCs.

12. The apparatus of claim 10, wherein the first SLC 1s
turther configured to perform a transpose operation on each
data slice extracted from the first data matrix.

13. The apparatus of claim 12, wherein the first data
matrix comprises a range matrix from a radar circuit,
wherein the range matrix corresponds to a range bin and
comprises data from the radar circuit indexed by velocity bin
and antenna combination, wherein each data slice extracted
from the first data matrix comprises a matrix mdexed by
velocity bin and antenna combination, wherein the second
data matrix comprises a steering matrix, and wherein the
steering matrix comprises a number of steering vectors
indexed by antenna combination and hypothesis angle.

14. The apparatus of claim 13, wherein each calculated
data slice 1s stored using a steering vector mndex and a
velocity bin index, such that a particular calculated data slice
1s stored at a memory location corresponding to a steering
vector mdex of a corresponding particular steering vector
and a velocity bin index of a corresponding particular range
slice.

15. The apparatus of claim 13, turther comprising the
radar circuit, wherein the machine instructions to obtain the
data matrix cause the one or more processor cores to:

cause the radar circuit to transmit a plurality of chirp

signals;

cause the radar circuit to generate a three-dimensional

(3D) sampled data matrix, wherein the 3D sampled

data matrix comprises received beat signals corre-

sponding to the plurality of chirp signals indexed by
antenna and sampling time;

perform a range fast Fourier transform (FFT) on the 3D

sampled data matrix to obtain a 3D range matrix,

wherein the 3D range matrix comprises data sorted by
range bins indexed by antenna and sampling time;

transpose the 3D range matrix to obtain a transposed 3D
range matrix;

perform a Doppler FFT on the transposed 3D range matrix

to obtain a 3D Doppler matrix, wherein the 3D Doppler

matrix comprises data sorted by velocity bins mdexed
by antenna and range bin;
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transpose the 3D Doppler matrix to obtain a transposed
3D Doppler matrix, wherein the transposed 3D Doppler
matrix comprises velocity data for antenna sorted by
range bin; and

obtain the range matrix from the transposed 3D Doppler
matrix.

16. The apparatus of claim 15, wherein the radar circuit

COmprises:
an oscillator configured to generate the plurality of chirp
signals;
a transmitter (1X) antenna unit coupled to the oscillator
and configured to transmit the plurality of chirp signals;
a recerver (RX) antenna unit configured to receive retlec-
tions of the transmitted plurality of chirp signals;
a baseband module coupled to the RX antenna unit and
configured to generate the received beat signals based
on the received reflections of the transmitted plurality
of chirp signals; and
an analog to digital converter coupled to the baseband
module and configured to sample the received beat
signals to generate the 3D sampled data matrix.
17. The apparatus of claim 15, wherein the radar circuit
comprises a time-division multiplexing, multiple-input mul-
tiple-output radar circuit, wherein an antenna index com-
prises an RX antenna index, wherein the antenna combina-
tion comprises an RX antenna and a TX antenna, and
wherein the machine instructions to obtain the range matrix
from the transposed 3D Doppler matrix further cause the one
Or more processor cores to:
multiply the transposed 3D Doppler matrix by a demodu-
lation matrix to obtain a modified transposed 3D Dop-
pler matrix, wherein the modified transposed 3D Dop-
pler matrix comprises velocity data for antenna
combination sorted by range bin; and
obtain the range matrix from the modified transposed 3D
Doppler matrx.
18. A circuit, comprising:
a first address generator configured to:
generate an address for a particular XxY range slice
from a NxM range matrix such that the particular
range slice comprises a unique portion of the NxM
range matrix, in which N denotes a number of
velocity bins, X 1s a lesser multiple of N, M denotes
a number of antenna combinations, and Y 1s a lesser
multiple of M;

provide the address for the particular range slice to a
memory interface system;

a first data buller configured to store the particular range
slice from the memory interface system:;

a first selector logic circuit (SLC) coupled to the first data
bufler and configured to output a first SLC output, the
first SLC output selectively comprising the particular
range slice or a transposed range slice;

a multiplier and accumulator (MAC) coupled to the first
SLC and configured to:
perform vector multiplication using the first SLC out-

put; and
sum a multiplication result and stored data from a
second data bufler;
a second SLC coupled to the first SLC and the MAC,
wherein the second SLC 1s configured to output one of
the transposed range slice, the multiplication result, and
a summation result;

the second data bufler coupled to an output of the second

SLC and configured to store a second SLC output;
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a third SLC coupled to the second data butfler and con-
figured to output a beamiforming slice, wherein the
beamiorming slice comprises a transposed summation
result; and
a second address generator configured to:
generate an address for the beamforming slice, such
that the beamforming slice comprises a unique por-
tion of a beamforming matrix; and

provide the address for the beamiforming slice to the
memory interface system.

19. The circuit of claim 18, wherein the NxM range
matrix corresponds to a range bin and comprises velocity
data for antenna combinations in a radar circuit.

20. The circuit of claim 18, further comprising a magni-
tude circuit coupled between the second SLC and the second
data bufler and configured to selectively:

perform a magnitude operation on the summation result to
obtain beamforming data, wherein the beamiforming
slice comprises a transposed beamiforming data; or

output the second SLC output unchanged.

21. The circuit of claim 18, wherein the MAC 1s further
configured to multiply the transposed range slice by a MxS
steering matrix, wherein the MxS steering matrix comprises
a number of steering vectors.

22. The circuit of claim 21, further comprising:

a third address generator configured to:

generate an address for a particular XxZ steering slice,
such that each particular steering slice comprises a
unique portion of the MxS steering matrix;
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provide the address for the particular steering slice to
the memory interface system;

a third data bufler configured to store the particular

steering slice from the memory interface system; and

a Tourth SLC coupled to the third data builer, wherein the

fourth SLC 1s configured to selectively output the
particular steering slice, and whereimn the MAC 1s
further coupled to the fourth SLC and configured to
multiply the first SLC output by the particular steering
slice.

23. The circuit of claim 22, wherein the address for the
beamiorming slice comprises a steering vector index and a
velocity bin index, such that the beamforming slice is stored
at a memory location corresponding to a steering vector
index of the particular steering slice and a velocity bin index
of the transposed range slice.

24. The apparatus of claim 11, wherein the first SLC 1s
configured to receive a first selection signal, and 1n response,
provide a row value and a column value of the first builer as
an output, and the second SLC i1s configured to receive a
second selection signal, and 1n response, provide a row value
and a column value of the second builer as an output.

25. The apparatus of claim 24, wherein the MAC includes
a multiplier having inputs configured to receive the outputs
of the first and second SLCs, respectively, and an output, the
MAC further including an accumulator having an 1nput
coupled to the output of the multiplier.
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